This paper presents an optimized design of the fuzzy logic controller (FLC) for the two-area interconnected power system to regulate the frequency deviation and power deviations when subjected to change in load. The developed power system model apart from having conventional sources also has a superconducting magnetic energy storage (SMES) unit which is capable of storing electric energy and releases it as per system requirements. SMES is used to support short-term active power in order to maintain power-frequency balance in the system under test. This two-area power system considered comprises reheat thermal and hydro units of the same capacity in each area. In the proposed control scheme, optimization of the FLC is carried out in four different steps: the first step is for optimization of the range of input and output variables, the second one for membership functions, the third and fourth steps for rule base and rule weight optimization, respectively. Genetic algorithm (GA) is used for the proposed step-by-step optimization process. Comparing the other methods available in literature, the proposed method is found more effective in achieving optimal results. Simulation results are also tabulated as a comparative performance in view of the main performance indices, i. e. settling time and peak undershoot.
INTRODUCTION
The growing concern of maintaining a continuous balance between generation and load is pushing power engineers to evolve advance control strategies for effectively minimizing deviations. Load frequency control (LFC) is a system for controlling power generation as per fluctuating load demand as well as to ensure the quality of power supply mainly in terms of frequency deviation on sudden load perturbations.
Researchers have explored various tech niques to address this issue, but recent technologies in the smart grid era have not received substantial attention in literature for frequency regulation problems. Smart grid technologies offer consumers quality power by means of new energy storage systems such as a SMES [1, 2] , an ultra capacitor [3] , etc. This paper attempts to make use of superconducting magnetic energy storage as an option to supplement sudden demand of power and support frequency deviation to a large extent. Researchers also focussed on diff erent control techniques to execute, but intelligent controllers with SMES in multi-area systems have not been studied in detail so far. Our study aims to model a fuzzy logic based controller where various controller design stages are optimized using a genetic algorithm.
Fuzzy logic based controllers have been wide ly accepted for different engineering and industrial applications. FLC is an appropriate choice for linear, non-linear, complex or ill-defined systems. The fuzzy logic approach, in providing solutions for LFC, has been reported in [4, 5] . But an optimized FLC design requires detailed practical knowledge and experience of the system under test. Therefore, to achieve better dynamic performance with the help of optimization algorithms, FLC can be tuned easily without detailed mathematical knowledge about the system. Many efforts have been made in this direction as well [6, 7] , but still the oscillatory behaviour response issue needs to be settled.
In order to suppress oscillations in an interconnected power system, SMES plays a significant role and it also improves power system dynamic performance [8] . In an interconnected power system SMES might be connected to any of the control area or the area based on the system requirement. Apart from frequency oscillation damping, it also helps in damping tie-line power oscillations [9] .
In this paper, the proposed strategy for damping oscillation in the interconnected power system focuses mainly on intelligent control with fuzzy logic and optimization with a genetic algorithm. A comprehensive comparison of results obtained with Zigler Nicholas tuned PID, GA optimized PID, partially optimized fuzzy and fully optimized fuzzy controllers is presented. In the partially optimized fuzzy control, scaling factor and membership functions are optimized while the fully optimized fuzzy control also takes care of rule base and rule weight optimization. MATLAB / Simulink is used for all simulation purposes.
SYSTEM EXAMINED
Load frequency control for two-area power system The system examined consists of two control areas having a reheat thermal generating unit in control area-1 and a hydro generating unit in control area 2, and these two control areas are connected by a tie-line. The complete system model is shown in Fig. 1 . There are two main objectives in this control problem:
(i) Each control area should supply its own load de man d as far as possible and power transfer through the tie line should be on mutual agreement. (ii) All control areas should be controllable to the frequency control.
In LFC, the difference between actual generation and scheduled generation is termed as the area control error (ACE) for the interconnected power system [10] :
where β i is the frequency bias constant, Δ f is the frequency deviation, and ΔP tie,ij is the change in the tie-line power flow error between area i and area j. Therefore, the scheduled tie line power flow between area-1 and area-2 is as follows:
where ΔP L,A1→A2 indicates the tie-line power flow from area-1 to area-2 and ΔP L,A2→A1 indicates the tie-line power flow from area-2 to area-1.
Superconducting magnetic energy storage
SMES as an energy storage system can charge and discharge very fast with high quantity of power for a short span of time. The SMES system includes four parts: a superconducting coil, a power conditioning system, a refrigeration system and a control unit. The power conditioning system is with an inverter / rectifier circuit for conversion of AC to DC and vice versa. Charging and discharging of SMES occur through the power conditioning system [11] . The refrigeration system maintains a superconducting coil below the critical temperature. The control unit is only responsible for the mode of operation. Operating mode selection is done by a controller. In the system under test, the error signal, i. e. the area control error (ACE), is fed as an input signal to the SMES control unit. SMES operates in three modes of operation: these are charging, discharging, and charge sustain modes. During the charging mode, the superconducting coil is charged to a set value of charge from the utility grid. In the discharging mode, the stored energy is released. Whenever there is a sudden release in the load, then SMES comes to the charging mode and it immediately gets charged to full value. As soon as the system returns to a steady state, SMES returns to the charge sustain mode [12, 13] . The ACE signal is sensed by the controller of SMES and it is further processed by the internal circuitry where coil inductance is represented by L through which the initial DC current I sm0 flows while the incremental change in DC current is ΔI sm . T is the time delay of the convertor in the power conditioning unit which is represented by the first order transfer function and K sm is the feedback gain of the SMES unit. ΔV sm is an incremental change in the SMES voltage and finally ΔP sm , the incremental change in the SMES unit power corresponding to ACE, is received at the power junction in the interconnected system. A mathematical model of the SMES unit is shown in Fig. 2 and the parameter values are given in the Appendix. 
CONTROL STRATEGIES FOR FREQUENCY CONTROL
Frequency control being a critical issue in the modern day power system requires a solution with emphasis on intelligence, robustness, and stability. The paper discusses intelligent techniques for control action as well as optimization in the form of fuzzy logic and genetic algorithm, respectively, to obtain an optimal solution to address frequency and tie-line oscillation suppression. Broadly, the methods used are categorized in two domains: the first one is the conventional PID controller and the second one is the fuzzy logic controller. Both approaches have been discussed in detail in the following sections.
Conventional PID controller
From past few decades the PID controller is one of favourable choices for engineers in the power system. The PID controller selected for LFC has ACE i as a controller input and U pid as an output. The expression in (3) depicts the relationship between parameters:
In the PID control scheme, controller's parameters, i. e. K p , K i and K d , are obtained from two different methods, where the first one is the Zigler Nicholas tuning method and the second one is GA optimization. The details of tuning and optimization methods used for selection of gain parameters are given below:
Zigler Nicholas tuning
The Zigler-Nicholas (ZN) tuning method is a heuristic approach for the PID controller. This method is based on the selection of proportional gain to get sustained oscillation, from which ultimate gain K u and oscillation period T u are obtained [14] . PID controller parameters, i. e. K p , K i and K d are calculated from the formulas as shown in Table 1 .
Genetic algorithm
GA is a stochastic search / optimization algorithm based on a natural genetics mechanism, capable of finding optimal solutions. GA simu lates a natural selection and evolution process and is recognized as an effective and efficient technique to solve optimization problems of diff er ent fields of engineering. GA is based on three genetic operators: Reproduction, Crossover, and Mutation.
The application of these three basic operations allows the creation of new individuals which may be better than their parents. The process is often repeated until it converges, i. e. when the final population's individual represents the optimum solution to the problem. During this entire process the population size will be maintained. Individuals in a population are coded as the fixed length of string that is analogous to the chromosome, which actually encodes values for variables. Each individual represents a possible solution of the defined problem within a search space [15, 16] . The GA optimization process is explained in the flow chart as shown in Fig. 3 .
Objective function
Selecting the objective function for any optimization tool is a vital step. Through the objective function each individual's fitness value is evaluated in a population. The objective function for PID optimization is based on the minimization of the Integral of the Absolute Error (IAE) given in (4): , (4) where T is selected as 30 seconds for the present system. The fitness value is inversely proportional to IAE for the individual, and the higher the value of IAE the smaller the fitness value and vice versa. GA optimized PID gains obtained are shown in Table 2 .
Fitness value = . 
OPTIMIZED FUZZY LOGIC CONTROLLER
In the last few years the use of fuzzy logic in the solution for control problems has abruptly increased due to its effectiveness over a non-linear or a complex system in comparison to convention al controllers. The fuzzy logic system is a rule based logical controller, in which its rule and parameters are tuned with experimentation or experience. But in a complex system sometimes the designer of the controller may not be able to tune it perfectly and it may lead to performance degradation. Therefore, an optimization method is desired to perfectly tune FLC for optimum performance. The FLC modeling consists of three steps, i. e. fuzzification, formation of fuzzy control rule base and defuzzification. Control actions of an FLC are described by sets of linguistic rules. Dual input and single output type FLCs are designed for LFC. These two inputs are ACE i and dACE i /dt and one output is U i for each control area, as shown in Fig. 4 . The Mamdani type fuzzy logic design is used for the FLC design as given in [17, 18] . Three Fig. 5 . Table 3 presents the view of rules for FLC utilized to design the controller. In the rule base 25 rules are designed to get the desired response. There are two scaling factors (K e and K ce ) for both input variables (ACE 1 , dACE 1 ) , respectively, and two gain factors K pu and K iu as proportional and integral gains, respectively. FLC for the proposed application is optimized in two modes. In the partial optimization process, only two stages are optimized in sequence starting with the ranges of input-output and then the parameters of membership function keeping the same cost function as given in [4] . In the case of complete optimization, two more steps are included in sequence where the rule base and the rule weight are optimized. The system is simulated and results are recorded for both cases of the partial and the fully optimized controller to understand and justify additional steps in the optimization process. The process and sequencing is shown in Fig. 6 .
After scaling factors optimization, the optimum values of scaling and gain parameters are shown in Table 4 . 
RESULTS AND DISCUSSIONS
The simulation results are compiled in a comprehensive way and are presented in a graphical as well as a tabular form. The proposed approach for complete optimization of FLC is executed in four steps using GA, the best fitness found after every iteration in these steps is shown in Figs. 7, 8, 9 and 10, respectively. The first step is an optimization for the scaling factor whose plot between the fitness value and iteration is shown in Fig. 7 . The best fitness value found is 1.7204 while in the second step it is 1.6393 as shown in Fig. 8 . This step is for parameter optimization of the membership function. The third step is for optimization of the rule base and shows 1.6394 as the best fitness value given in Fig. 9 . The last and fourth step is for the rules weighting factor converged at 1.5901 as shown in Fig. 10 . The dynamic performance of the proposed controller is compared with the ZN tuned PID, GA optimized PID and partially optimized FLC. Two performance indices, peak undershoot and settling time, are considered for the measure to compare the performance of the controller.
Frequency deviations in both areas and tie line deviation after a sudden load change (0.01 p. u.) in each area are shown in Fig. 11 . This clearly indicates that frequency deviations in area-1 and area-2 from the proposed controller settle faster and a peak undershoot in frequencies is lesser. Table 5 shows the numerical values of performance indices showing that the GA based fully optimized FLC is more effective to damp out oscillations. The proposed controller is 33.4% effective to reduce the maximum dip in area-1 frequency deviation as well as 61.9% effective in reducing the settling time in comparison to the conventional controller. On the other hand, it has been observed that in area-2 it is 24.6% and 60.9% better in terms of reduction in the peak undershoot and the settling time, respectively. In order to effectively minimize frequency and tie-line deviations, use of SMES short-term active power support is also examined with the proposed controller as shown in Fig. 12 . The proposed controller with the SMES support reduces peak undershoot in (i) area-1 frequency deviation, (ii) area-2 frequency deviation, and (iii) tie-line power deviation by 92.1%, 87.7% and 98.3%, respectively, and for the settling time this comes as 84.3%, 85.5% and 87%, respectively, when compared with the conventional controller without the SMES support.
The statistical analysis of different controllers in comparison to the conventional controller is shown in Table 6 as well. The test system is considered to 
CONCLUSIONS
In the present day situation, power engineers are pressed to deliver quality power to consumers. This paper has attempted to provide a solution in view of the major quality parameter, i. e. frequency fluctuations which pop up during load perturbations in the interconnected system. A comprehensive solution is presented for this load frequency control problem. The paper presents methods and simulated results for diff erent techniques which cover the conventional technique (Zigler Nicholas) to the proposed multi-stage optimized fuzzy logic. Optimiza tion in all processes is also carried out by a genetic algorithm. Results justify that the proposed optimized FLC provides a better performance compared to the ZN tuned PID controller, GA optimized PID and partially optimized FLC. Another source added in the interconnected system is an energy storage device, SMES, which has a unique feature of supporting active power to withstand heavy load disturbances. In the smart grid scenario, SMES has an important role to play in days to come. The controller is also tested with SMES in place in the system and appreciable results are obtained. 88.2% improvement in the peak undershoot is noted in the area-1 frequency change with SMES and without SMES despite the fact that disturbance is given in area-1 only. Similarly settling time improvement is 58.75%.
Other results also strengthen the justification of implementing the optimized intelligent controller for frequency stabiliza tion in order to meet the quality power demand. It may be concluded that the proposed control ler is able to achieve the desired performance in the present day pow er system scenario.
APPENDIX:

Mathematical modelling of LFC
Hydro turbine:
Hydro droop compensation:
Speed governor:
Thermal reheater:
Thermal turbine:
Power system:
Parameters of the Thermal-Hydro System investigated: Ключевые слова: контроллер нечеткой логики, генетический алгоритм
